DNA fingerprinting with the moderately repetitive sequence Ca3 has repeatedly identified groups of genetically similar strains of Candida albicans that are more frequently isolated than other groups of strains from human hosts in a geographical locale. Members of these groups are found in approximately 30% of healthy individuals and in up to 70% of patients suffering from candidiasis. The high prevalence of these strains implies that they are more successful in colonizing human hosts and in causing disease than other strains (J. Schmid, Clin. Adv. Treatment Fungal Infect. 4(6):12-16, 1993). In the present study, we have compared one such group of highly prevalent strains with other strains from the same locale to identify physiological traits associated with its success. We found that members of the group of highly prevalent strains were resistant to a larger number of chemicals than other strains in a resistogram assay. When resistance to individual chemicals used in the resistogram assay was analyzed, strains from the group of highly prevalent strains were significantly more often resistant to boric acid, cetrimide, chlorhexidine, 5-fluorocytosine, and high sodium chloride concentrations than other strains. Strains from the group of highly prevalent strains also adhered significantly (1.5 times) better to saliva-coated surfaces than did other strains. Because members of highly prevalent groups of strains are the most common infectious agents in candidiasis, these physiological traits may be involved in determining not only the success of C. albicans in colonizing human hosts in general but also its ability to cause disease. Sodium chloride resistance and increased adherence were also associated with infectious isolates outside the group of highly prevalent strains, indicating that they may be of particular importance in pathogenesis.
Candida albicans is an opportunistic pathogen existing in human hosts as a commensal organism but capable of causing serious and even life-threatening disease in compromised hosts (16) . These infections may be caused by strains previously present on the hosts as commensals (16) . However, a number of studies have indicated that C. albicans strains can be transmitted between individuals and that exogenous strains, replacing the previously present commensals, are often the etiological agents of candidiasis (8, 20, 21, 23, 31) . Several studies using DNA fingerprinting with the moderately repetitive sequence Ca3 have demonstrated that a large proportion of the replacing, infection-causing strains in a given geographical area is often derived from a single group of genetically similar strains which are isolated from up to 70% of candidiasis patients (19, 20, 24) . The same group of strains is also found in a large proportion of healthy individuals (approximately 30%) in the area, considerably more often than other groups of genetically similar strains (19, 20, 24) . The high prevalence of such groups of C. albicans strains suggests that their members might be more successful in colonizing healthy human hosts than other strains and capable of replacing commensal strains on compromised hosts, subsequently causing candidiasis (19, 20, 23) . If this hypothesis is correct, it should be possible to identify physiological traits which explain the success of these strains. Such traits should enhance the ability of C. albicans strains to colonize and to survive in human hosts and to cause disease. They should also enhance the chances of survival of strains during transmission between hosts. Since transmission may occur via inanimate objects (15, 16, 26, 31) , such traits may include resistance to environmental stresses such as radiation, desiccation, or exposure to chemicals used as detergents, disinfectants, or antiseptics. These traits may be pathogenicity factors in the sense that their possession increases the probability of a strain's causing disease.
In an attempt to identify such physiological traits, we have compared the resistance to a variety of chemicals and the adhesion to saliva-coated surfaces of a group of genetically similar strains encountered with high frequency in both healthy individuals and candidiasis patients with the resistance and adhesion of other strains isolated from the same locale.
MATERIALS AND METHODS
Selection of strains and DNA fingerprinting with probe Ca3. Isolates for this study were randomly chosen from a larger sample of strains (collected in the Iowa City, Iowa, area between 1984 and 1990) which had been fingerprinted in earlier studies (10, 22, 24, 28) by probing EcoRI digests of total DNA with the moderately repetitive sequence Ca3 (24) . Each strain was from a different individual. Twenty-nine strains were commensal isolates obtained from oral and anal sites. Eighteen isolates had been obtained from individuals suffering from candidiasis and had been isolated from oral lesions, blood cultures, or stool samples.
Analysis of fingerprints for definition of groups of genetically similar strains. Fingerprints of strains, stored in a Dendron (24) database, were used to determine the genetic relationships between the strains as described by Schmid et al. (24) . The Dendron software on a Macintosh IIvi computer was used to quantitate the degree of similarity between patterns of isolates resulting in a similarity value (S AB ) according to the following formula:
where a i and b i are the intensities of band i in patterns A and B, respectively, and k is the number of bands. The similarity value can range between 1.0 and 0.0. If the patterns of strains A and B are identical, S AB is 1; if they have no bands in common, the similarity value is 0. Relationships between groups of isolates were determined by using dendrograms constructed from a matrix of S AB s with the unweighted pair group method (27) . The branching point between strains in the dendrogram reflects their genetic similarity. Groups of genetically similar strains were defined as groups of isolates connected by branching points in the dendrogram at an S AB of Ն0.8. This value lies halfway between the average S AB found for multiple isolates from the same patients (0.96 [20, 23] ) and the average S AB for isolates from unrelated healthy individuals in the community (0.66 [20, 23, 24, 28] ).
Determination of resistance to chemicals. To test the resistance of strains against chemicals, the resistogram method of Hunter and Fraser (11) was used. In brief, strains were serially subcultured on YM agar and finally suspended in distilled water to a density between McFarland standards 5 and 6. A 21-pin multipoint inoculator was used to inoculate with these suspensions YM agar plates containing one of the following (per liter): 0.6 g of sodium selenite, 1.2 g of boric acid, 0.14 g of cetrimide, 0.2 mg of malachite green, 1.2 g of cupric sulfate, 0.05 g of benzalkonium chloride, 0.12 g of chlorhexidine, 0.24 g of mercurochrome, 2.4 g of sodium arsenate, 35 mg of 5-fluorocytosine, or 94 g of sodium chloride. Strains were also plated on MacConkey agar no. 3. Strains were considered resistant to a chemical if they showed growth after 44 h of incubation at 37ЊC (26ЊC for cetrimide) on plates containing the substance.
Determination of adhesion to saliva-coated surfaces. Adhesion was assessed by the method of Cannon et al. (3) . In brief, C. albicans cells were first grown in liquid glucose-salts-biotin medium at 30ЊC for 16 h. Portions of these cultures were then used to inoculate 2-ml cultures of the same medium, containing [ 35 S]methionine, to give an optical density at 540 nm of 0.2. The cultures were grown at 30ЊC until they reached an optical density at 540 nm of 1.0. Under these growth conditions, all strains grew exclusively in the yeast morphology. Cells thus radiolabelled were washed and incubated in KCl buffer with saliva-coated hydroxylapatite beads at room temperature for 90 min. The beads were then washed three times with KCl buffer, and the radioactivity associated with the beads was determined with a scintillation counter. The number of radioactive cells bound to the beads was expressed as a proportion of the adherence of strain ATCC 10261, included in each set of assays as a control for variation between experiments. In a standard assay, 36.5% of input (2.5 ϫ 10 6 ) C. albicans ATCC 10261 cells bound to 12 mg of saliva-coated beads. Cannon et al. (3) have shown that the adherence in the assay is saliva dependent, since adherence to uncoated beads is negligible. The adherence value for each isolate was the mean of at least two experiments, each carried out in triplicate.
RESULTS
Fingerprinting with probe Ca3 defines a group of genetically similar isolates frequently isolated from both healthy individuals and candidiasis patients. Figure 1 shows the genetic relationships among 47 C. albicans strains (each from a different individual) used in this study (examples of fingerprints are shown in Fig. 2 ). The isolates fell into 22 groups of genetic similarity, defined as containing isolates with S AB s of Ն0.8 between them (numbered bars in Fig. 1 ). The groups differed in size; most of them contained only one or two isolates. Members of one group (group 13) were isolated more frequently than members of any other group. They were present in 40% of all individuals tested and accounted for 31% of all commensal isolates and 56% of all candidiasis isolates. Group 13 therefore represents a cluster of genetically similar strains more frequently found in humans and thus presumably more successful in colonizing human hosts and at the same time more likely to cause candidiasis than other groups of genetically similar strains.
Members of group 13 are more frequently resistant to chemicals. To determine if increased resistance to chemical stress
Dendrogram showing the genetic relationships between C. albicans strains based on Ca3 fingerprints. Numbered bars represent groups of genetically similar strains, i.e., groups of strains whose genetic similarity to each other exceeds 80% (S AB Ն 0.8). Strains matched with no other similar isolate represent rare groups, isolated only once in the sample. Commensal isolates (•) hp11an, hp12an, hp31an, hp38an, hp50an, and hp56an were cultured from anal specimens; all other commensal isolates were from oral sites. Candidiasis isolates (ᮀ) gaymc-c, hol-c, livo-c, sim-c, and svobo-c were cultured from oral lesions; isolates crr-1c, gee-2c, jam-2c, ko-2c, and pra-1c were from stool samples; and all other candidiasis isolates were from blood cultures.
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factors was associated with the success of the group 13 strains, we compared their resistance to 12 chemicals with that of all other strains, using the resistogram method (11) . Eleven of the chemicals were fungicides, some of which are used in human health care as disinfectants or antiseptics and in one case (5-fluorocytosine) as an antifungal agent. One additional test exposed strains to 9.4% NaCl, an environment of low water activity. Figure 3a shows a comparison of the number of chemicals to which group 13 strains were resistant and the number of chemicals to which other strains were resistant. All strains belonging to group 13 were resistant to at least six of the chemicals tested. In contrast, half of the remaining strains were resistant to fewer than six chemicals. The average group 13 strain was resistant to 6.79 Ϯ 0.98 (mean Ϯ standard deviation) chemicals, whereas the average strain not belonging to group 13 was resistant to only 5.07 Ϯ 2.19 chemicals. In a t test, this difference was significant, with a P of Ͻ0.003, verifying that group 13 strains were on average resistant to more chemicals than other strains were. Because candidiasis isolates were overrepresented in group 13, we tested whether the increased frequency of resistance was associated with candidiasis isolates rather than with group 13 as a whole. We therefore compared the number of resistances per strain between candidiasis isolates and commensal isolates in the sample as a whole (Fig. 3b ) and within group 13 (Fig. 3c) . No statistically significant differences were observed. On average, commensal isolates were resistant to 5.86 Ϯ 1.96 chemicals and candidiasis isolates were resistant to 5.61 Ϯ 2.06 chemicals. Commensal strains belonging to group 13 were on average resistant to 6.77 Ϯ 0.97 chemicals, compared with 6.80 Ϯ 1.03 for candidiasis isolates in group 13.
Chemical resistance profile of group 13 strains. Figure 4a shows the frequency of resistance to individual chemicals of group 13 strains compared with the resistance of other strains. Members of group 13 were resistant significantly more often to four of the fungicides tested, namely, boric acid, cetrimide, chlorhexidine, and 5-fluorocytosine, as well as to high sodium , and between candidiasis isolates in group 13 (black bars) and commensal isolates in group 13 (unfilled bars) (c). Resistances were determined as described in Materials and Methods.
chloride concentrations (z test, P Յ 0.05). Group 13 strains were not significantly less frequently resistant to any of the remaining chemicals than were the other strains.
Because candidiasis isolates were overrepresented in group 13, we wanted to test whether any of the increased frequencies of resistance described above were associated with candidiasis isolates rather than with group 13 as a whole. For this purpose, we searched for statistically significant differences (P Ͻ 0.05 in a z test) between all candidiasis and all commensal isolates (Fig. 4b) and between commensal and candidiasis isolates within group 13 (Fig. 4c) . In the sample as a whole, sodium chloride resistance was significantly more frequent in candidiasis isolates than in commensal isolates (94 versus 62%). Within group 13, the frequency of sodium chloride resistance was 100% for both commensal and candidiasis isolates (Fig.  4c) . For candidiasis isolates not belonging to group 13, we calculated a frequency of resistance of 75%, compared with 45% for commensal isolates outside group 13 (not shown in Fig. 4 ). Sodium chloride resistance was thus more frequent among group 13 commensals than among other commensals and more frequent among group 13 pathogens than among other pathogens and therefore an attribute associated with group 13. Nevertheless, it is a feature which is also more pronounced in candidiasis isolates than in commensal isolates not belonging to group 13.
We also found that in the sample as a whole, candidiasis isolates were significantly less often resistant to cetrimide than were commensal isolates (61 versus 86%; Fig. 4b ). Since candidiasis isolates are overrepresented in group 13, this result does not call into question that increased cetrimide resistance is a feature associated with group 13.
Members of group 13 adhere more strongly to saliva-coated surfaces. Because adherence to saliva-coated surfaces is considered to be important for the colonization of the oral cavity and thus of the human host in general (3, 16), we tested whether the strains belonging to group 13 were superior to other strains in this respect. Adherence of group 13 strains to saliva-coated surfaces was on average 1.5 times greater than that of other strains (Table 1) , and this difference was statistically significant (t test, P Ͻ 0.005). No significant differences in adherence existed between candidiasis isolates and commensal isolates either in the sample as a whole or in the comparison of only pathogenic isolates and commensal isolates belonging to group 13 ( Table 1) .
Characteristics of isolates from the bloodstream. It has been reported that C. albicans isolates from invasive infections differ from superficial isolates in morphotype and have an increased frequency of phenotypic switching (12, 13). We therefore determined whether the eight bloodstream isolates included in our study differed from other isolates in terms of resistance or adhesion. No statistically significant differences in terms of the number of resistances or in the frequencies of resistance to most of the individual chemicals were found (data not shown). The only exception was chlorhexidine resistance, which was significantly less frequent in bloodstream isolates than in other candidiasis isolates (50 and 100%, respectively; t test, P Ͻ 0.05). Isolates from the bloodstream adhered to saliva-coated FIG. 4 . Comparison of the frequency of resistance to individual chemicals between group 13 strains (black bars) and other strains (shaded bars) (a), between all candidiasis isolates (black bars) and all commensal isolates (shaded bars) (b), and between candidiasis isolates (black bars) and commensal isolates within group 13 (shaded bars) (c). Statistically significant differences (P Ͻ 0.05 in a double-sided z test) are marked with an asterisk. Resistances were determined as described in Materials and Methods.
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on July 11, 2017 by guest http://jcm.asm.org/ surfaces on average 1.4 times better than all other isolates and 1.6 times better than other candidiasis isolates (Table 1 ). Both differences were statistically significant (t test, P Ͻ 0.05). The three bloodstream isolates from group 13 apparently adhered on average 1.3 times better to saliva-coated surfaces than the five remaining bloodstream isolates (Table 1) , but this difference was not significant as determined by a t test.
DISCUSSION
Traits associated with the general success of C. albicans strains. Previous studies have shown that in a given geographical area, a large percentage (up to 70%) of candidiasis isolates frequently belongs to a single group of genetically similar strains and that the same strains are also more frequent as commensals than other groups of strains, being isolated from approximately 30% of healthy hosts (19, 20, 24) . This has led us to propose that these groups are more successful in colonizing human hosts than other groups of strains and can replace other commensal strains in compromised hosts and can subsequently cause candidiasis. The reason these successful strains are more frequent in compromised hosts than in healthy hosts would, according to our model, be mainly the increased vulnerability of compromised hosts to colonization attempts by exogenous strains. In other words, compromised hosts may provide successful strains with an opportunity to compete with other strains more frequently than healthy hosts (19, 20) . The evidence for this model before this study rested entirely on our DNA fingerprinting data. We therefore undertook the current study to provide additional evidence by testing one of its predictions, namely, that these highly prevalent groups of strains should possess attributes which give them a selective advantage over other strains.
Using a collection of strains from a single geographical locale, we found that a group of genetically similar strains, highly prevalent in both healthy and compromised hosts, indeed possesses traits that would conceivably give these strains selective advantages over other strains.
Survival of C. albicans strains in populations of human hosts probably depends on their resistance to a broad variety of stress factors which are not limited to chemicals alone but also include factors such as heat, starvation, radiation, and desiccation. Our goal in testing strains for chemical resistance was therefore not so much the identification of resistance to specific chemicals but the use of chemical resistance as an indicator of the general ''toughness'' of a strain under environmental stress. To assess this toughness, we chose the resistotyping method, because it was likely to differentiate between strains. We found that members of the highly prevalent group 13 were indeed tougher, i.e., resistant to a larger number of chemicals than other strains. When resistances to individual chemicals were compared, members of this group were significantly more often resistant to 5 of the 12 chemicals tested. For none of the remaining seven chemicals was their resistance significantly inferior to that of other strains. The observed increased frequency of resistance among group 13 isolates may be attributable to merely an enhanced ability of successful C. albicans strains to cope with environmental stress in general. We note, however, that group 13 strains were more often resistant to four of the six fungicides used in human health care which are part of the resistogram (boric acid, cetrimide, benzalkonium chloride, chlorhexidine, mercurochrome, and 5-fluorocytosine). In contrast, no increased frequency of resistance of group 13 strains against the remaining fungicides (sodium selenite, malachite green, cupric sulfate, sodium arsenate, and bile salts plus crystal violet) was found. The rapid development of chemical resistance in C. albicans is well documented for antifungal agents including 5-fluorocytosine (2, 16, 18) . It is therefore possible that exposure to antibiotics, antiseptics, or disinfectants in the evolutionary history of the strains surveyed may have played a role in the initial development of increased resistance against these agents specifically and in the continued selection for these resistances.
Group 13 strains were also more frequently resistant to high concentrations of sodium chloride. This resistance is most likely an adaptation to survival in environments of low water activity. The ability to survive in environments of low water activity could be of considerable importance in determining the success of transmission of C. albicans strains to new hosts. Food has been identified as a possible vehicle of transmission of C. albicans (16, 31) , and the ability to survive under conditions of low water activity would greatly enhance the ability of strains to use this vehicle. The NaCl concentration used in the assay creates a water activity of 0.95, comparable to that in many major food items, such as bread, cheese, canned fruits, lightly salted fish, pork, and beef products (5). Only strains able to tolerate water activities in this range can use these food items as vehicles. Other strains would be restricted to items with higher water activity, such as fresh fruits, vegetables, and milk (5) . The observed resistance of group 13 strains to environments of low water activity may in addition indicate increased resistance to desiccation. Since transmission may occur via inanimate surfaces (16, 31) , resistance to desiccation would certainly enhance the chances of survival of a strain until contact with another host is made.
The importance of adherence to host tissues is frequently discussed as an important factor in both commensal colonization of human hosts by C. albicans and pathogenesis (6, 14, 17, 30) . The oral cavity is one of the main reservoirs of C. albicans in the human host (16) , and the ability to adhere to salivacoated surfaces, which is of paramount significance in colonization of the mouth (3), can therefore be expected to play a decisive role in the ability of C. albicans to establish itself in human hosts. The increased adherence of group 13 strains to saliva-coated surfaces is thus a trait expected to occur in such a group of successful colonizers and pathogens.
Traits of particular importance in pathogenesis. Our study has identified physiological traits which are associated with groups of strains responsible for a large proportion of Candida infections. All of these traits may be pathogenicity factors in the sense that their possession enhances the probability of a strain's causing disease. It is unlikely, though, that any of them are of advantage to a strain only when it is causing disease, since they are also associated with the success of commensal colonization. Indeed, it is unlikely that we would find any traits which are of benefit only in pathogenesis among group 13 strains or any other groups of strains of C. albicans which are highly prevalent in candidiasis patients and at the same time successful colonizers of healthy individuals. Any adaptation of an organism to a specific environment must be seen as costly, and the resources used up in this adaptation are not available for use in another environment (7). Evolution of specific traits which benefit a C. albicans strain only when it causes disease in the compromised host would thus diminish the strain's fitness in healthy hosts. Its frequency in healthy hosts would decrease as a result, and its ecological niche would tend to be restricted to hosts in which it can cause disease. This phenomenon has been observed for Escherichia coli, a species whose interactions with human hosts, ranging from commensal colonization to invasive disease in uncompromised hosts, are the subject of intense study. Specific virulence traits in this species are restricted to a limited number of clones which are highly prevalent in invasive diseases but which are absent or rare in the commensal intestinal floras of healthy hosts (1, 9, 25, 29) . To our knowledge, for C. albicans, groups of disease-specific clones have never been observed.
We note that this does not preclude that certain C. albicans strains may have traits which are of particular advantage in pathogenesis as long as they are also, albeit to a lesser degree, beneficial in commensal colonization. Two possible examples of such traits from this study are resistance to low water activity, as assessed by resistance to sodium chloride, and adherence. Both traits were associated with the group of generally successful strains. At the same time, sodium chloride resistance was also more frequent in candidiasis isolates in general and increased adherence was more frequent in isolates causing infections in the bloodstream.
Two other examples of traits that could be of greater benefit to a strain in pathogenesis than in commensal colonization are an increased frequency of phenotypic switching and increased levels of proteinase secretion. Both the switching frequency and the level of proteinase secretion have been reported to be higher in candidiasis isolates than in commensal isolates (4, 13) . However, without knowing the genetic relationships between the isolates used in these studies, it cannot be resolved whether these traits are of particular importance in pathogenesis: the reported apparent differences between commensal and candidiasis isolates may have been only a secondary result of the fact that a higher proportion of the infectious isolates than of the commensal isolates belonged to groups of generally successful genetically similar strains, all of whose members display increased proteinase secretion and phenotypic switching.
Comparative studies aimed at the identification of traits of specific relevance to pathogenesis should therefore incorporate determinations of the genetic relationships between strains or use sets of strains for which these relationships have already been determined. We invite researchers to make use of the set of strains used in this study or of other strains which are part of our fingerprint database for their research on pathogenicity factors.
